





























Theoretial analysis of the ondutane histograms and strutural properties ofAg, Pt and Ni nanoontatsF. Pauly,1, 2, ∗ M. Dreher,3 J.K. Viljas,1, 2 M. Häfner,1, 2 J.C. Cuevas,1, 2, 4 and P. Nielaba31Institut für Theoretishe Festkörperphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany2Forshungszentrum Karlsruhe, Institut für Nanotehnologie, D-76021 Karlsruhe, Germany3Fahbereih Physik, Universität Konstanz, D-78457 Konstanz, Germany4Departamento de Físia Teória de la Materia Condensada C-V,Universidad Autónoma de Madrid, E-28049 Madrid, SpainCondutane histograms are a valuable tool to study the intrinsi ondution properties of metalliatomi-sized ontats. These histograms show a peak struture, whih is harateristi of the typeof metal under investigation. Despite the enormous progress in the understanding of the eletronitransport in metalli nanowires, the origin of this peak struture is still a basi open problem.In the present work we takle this issue, extending our theoretial analysis of Au ondutanehistograms [Dreher et al., PRB 72, 075435 (2005)℄ to dierent types of metals, namely, Ag, Ptand ferromagneti Ni. We ombine lassial moleular dynamis simulations of the breaking ofnanoontats with ondutane alulations based on a tight-binding model. This ombinationgives us aess to ruial information suh as ontat geometries, strain fores, minimum ross-setions, the ondutane, transmissions of the individual ondution hannels and, in the ase ofNi, the spin polarization of the urrent. We shall also briey disuss investigations of Al atomi-sizedontats. From our analysis we onlude that the dierenes in the histograms of these metals aredue to (i) the very dierent eletroni strutures, whih means dierent atomi orbitals ontributingto the transport, and (ii) the dierent mehanial properties, whih in a ase like Pt lead to theformation of speial strutures, namely monoatomi hains. Of partiular interest are results for Nithat indiate the absene of any ondutane quantization, and show how the urrent polarizationevolves (inluding large utuations) from negative values in thik ontats to even positive valuesin the tunneling regime after rupture of the ontat. Finally, we also present a detailed analysis ofthe breaking fores of these metalli ontats, whih are ompared to the fores predited from bulkonsiderations.PACS numbers: 73.63.-b, 73.63.Rt, 73.23.-b, 73.40.JnI. INTRODUCTIONThe transport properties and mehanial harateris-tis of metalli atomi-sale wires have been the sub-jet of numerous studies over the past years.1 The anal-ysis of these nanoontats is nowadays possible dueto experimental tehniques like the sanning tunnel-ing mirosope2,3 and mehanially ontrolled breakjuntions.4 In both ases a metalli ontat is strethedwith a preision of a few piometers by the use of piezo-eletri elements, providing very detailed informationabout the formation and breaking of metalli systemsat the nanosale.The relative simpliity of these nanowires makes themideal systems to perform extensive omparisons with mi-rosopi theories. Suh omparisons have allowed, inpartiular, to eluidate the nature of eletrial ondu-tion. The ondution in suh systems is usually desribedin terms of the Landauer formula, aording to whih thelow-temperature linear ondutane of nonmagneti on-tats an be written as G = G0 ∑n Tn, where the sumruns over all the available ondution hannels, Tn is thetransmission for the nth hannel and G0 = 2e2/h is thequantum of ondutane. As was shown in Ref. 5, theset of transmission oeients is amenable to measure-ment in the ase of superonduting materials. Usingthis possibility it has been established that the number
of hannels in a one-atom ontat is determined by thenumber of valene orbitals of the entral atom, and thetransmission of eah hannel is xed by the loal atomienvironment.6,7,8The experiments show that in the strething proessesin whih these metalli wires are formed, the ondutaneevolves in a step-like manner whih hanges from real-ization to realization. In order to investigate the typialvalues of the ondutane, dierent authors introduedondutane histograms, onstruted from a large num-ber of individual ondutane urves.9,10,11 These his-tograms often show a peak struture, whih is speito the orresponding metal. Thus for instane, for noblemetals like Au and Ag and for alkali metals like sodium,the ondutane has a ertain preferene to adopt mul-tiples of G0. However, for a large variety of metals, thepeaks do not appear at multiples of G0 (for a detailed dis-ussion of the ondutane histograms, see setion V.Din Ref. 1). It has beome lear that the peak struturein the ondutane histograms must be related to theinterplay between eletroni and mehanial properties.This interplay was niely illustrated in the rst simul-taneous measurement of the ondutane and breakingfore,12 but the preise origin of the dierenes betweenthe various lasses of metals remains to be understood.The solution of this basi open problem is preisely theentral goal of the present work.










, (1)where kF is the Fermi wave vetor and R is the radius ofthe wire.22 Using this type of formula, it was suggestedin Ref. 23 that peaks found in the histogram of the min-imum ross-setion (MCS) of Al ontats would immedi-ately translate into peaks in the ondutane histograms.In other words, it was suggested that the ondutanepeaks would just be a manifestation of the existene ofertain partiularly stable ontats.From the theory side, the analyses of the ondu-tane histograms are sare in the literature. Mostly sin-gle strething events have been investigated at variouslevels of sophistiation.24,25,26,27,28,29,30,31,32,33,34,35 Theanalysis of ondutane histograms, however, involvesthe statistial exploration of many dierent strethingevents. Most suh researh is based on free-eletron mod-els, where partiular nanowire dynamis are hosen,36but there are pratially no fully atomisti investigationsof the ondutane histograms. Two suh studies havejust reently appeared, where Dreher et al.37 investigatedatomi Au ontats and Hasmy et al.38 studied Al on-tats. In partiular, in our work (Ref. 37) we showed that,at least at low temperatures (4.2 K), there is no simpleorrespondene between the rst peaks in the MCS andthe ondutane histograms.In order to eluidate the origin of the peak struturein the ondutane histograms of metalli atomi-sizedontats, we have extended our theoretial analysis ofthe Au ondutane histogram37 to several new metalswith varying eletroni strutures in the present work.In partiular, we have studied the ases of Ag, a noblemetal, Pt, a transition metal, and Ni, a ferromagnetimetal. We shall also briey omment on our study ofAl (an sp-like metal). Our theoretial approah is basedon a ombination of lassial moleular dynamis (MD)simulations to desribe the ontat formation and a tight-binding (TB) model supplemented with a loal hargeneutrality ondition for the atomisti omputation of theondutane. This ombination allows us to obtain de-tailed information on the mehanial and transport prop-erties suh as ontat geometries, strain fores, the MCS,the ondutane, the number and evolution of individualondutane hannels and, in the ase of ferromagnetiontats, the spin polarization of the urrent.
Conerning Ag, we nd a sharp peak in the ondu-tane histogram at 1 G0. This peak is due to the for-mation of single-atom ontats and dimers in the laststages of the breaking of the wires in ombination withthe fat that the transport in the noble metal is domi-nated by the s orbitals around the Fermi energy. Withsingle-atom ontats we will refer throughout this artileto juntions with a single atom in the narrowest on-strition, in short a one-atom hain, while dimer meansan atomi hain onsisting of two atoms. In the ase ofPt, the rst peak is broadened and shifted to a higherondutane value (above 1 G0). This is due to the fatthat in this transition metal the d orbitals play a funda-mental role in the transport, providing extra ondutionhannels, as ompared to Ag. For Ni wires, we see thatthe d orbitals ontribute deisively to the eletrial on-dution for the minority-spin omponent, providing sev-eral partially open hannels even in the last stages of thestrething proess. As a onsequene, we do not observeany type of ondutane quantization. With respet tothe polarization of the urrent, we see that there is arossover from large negative values for thik ontatsontats to positive values in the tunneling regime, rightafter the rupture of the ontat.From a more general point of view, the ensemble of ourresults allows us to onlude that the dierenes in thepeak struture of the ondutane histograms of metallinanoontats an be traed bak to the following two in-gredients. First, due to the dierent eletroni strutureof the various lasses of metals dierent atomi orbitalsontribute to the transport. These orbitals determinein turn the number of onduting hannels and there-fore the ondutane values. Thus, for similar struturesa ontat of a multivalent metal will have in general ahigher ondutane than one of a noble metal. Seond,the dierent mehanial properties give rise to the forma-tion of ertain harateristi strutures, whih are nallyreeted in the histograms. For instane, the formationof monoatomi hains in Au or Pt is responsible for thepronouned last ondutane peak.The rest of this paper is organized as follows. In Se. IIwe present the details of our method for simulating thestrething of atomi wires and show how the ondutaneis subsequently omputed. Studies of Ag, Pt, Al and Niontats follow in Ses. III, IV, V and VI, respetively. Ineah of these setions we rst disuss representative ex-amples of the strething proesses of the nanoontats.We then turn to the statistial analysis of the whole setof simulations for the dierent metals. This inludes adisussion of the histograms of both the MCS and theondutane as well as an analysis of the mean hanneltransmission. Setion VII is devoted to the disussionof the mehanial properties of the dierent metals. Fi-nally, we summarize the main onlusion of this work inSe. VIII.
3II. THE THEORETICAL APPROACHThe goal of this study is the theoretial desription ofthe mehanial and eletrial properties of metalli nano-juntions. For this purpose, we make use of the approahintrodued in our previous work on the ondutane his-togram of Au atomi ontats.37 In order to analyze fer-romagneti Ni ontats, we need to extend our methodto study also spin-dependent metals. Suh an extensionis presented below, but we refer the reader also to Ref. 37for supplementary information.Our theoretial method is based on a ombination oflassial MD simulations for the determination of thestruture and mehanial properties of the nanowires andondutane alulations based on a TB model. We pro-eed to explain these two types of alulations in the nextsubsetions. A. Struture alulationsThe breaking of metalli nanoontats is simulatedby means of lassial MD simulations. In all our al-ulations we assume an average temperature of 4.2 K,whih is maintained in the simulations by means of aNosé-Hoover thermostat. The fores are alulated usingsemiempirial potentials derived from eetive-mediumtheory (EMT).39,40 This theory has already been su-essfully used for simulating nanowires.32,41,42 For thestarting onguration of the ontats we hoose a per-fet f-lattie of 112 atoms of length 2.65 nm (Ag), 2.55nm (Pt), 2.64 nm (Al) and 2.29 nm (Ni) oriented alongthe [001℄ diretion (z diretion) with a ross-setion of 8atoms. This wire is attahed at both ends to two slabsthat are kept xed, eah onsisting of 288 atoms. Af-ter equilibration, the strething proess is simulated byseparating both slabs symmetrially by a xed distanein every time step (1.4 fs). Dierent time evolutions ofthe nanoontats are obtained by providing the 112 wireatoms with random starting veloities. The strething ve-loity of 2 m/s is muh bigger than in the experiment, butit is small ompared with the speed of sound in the inves-tigated materials (of more than 2790 m/s). Thus the wirean re-equilibrate between suessive instabilities, whileolletive relaxation proesses may be suppressed.26,28In order to test whether the ondutane hanges areorrelated with atomi rearrangements in the nanoon-tat, we alulate the radius of the MCS perpendiularto the strething diretion as dened by Bratkovsky etal.27Finally, during the strething proess, every 1.4 psa onguration is reorded and the strain fore of thenanoontat is omputed following Finbow et al.43 Ev-ery 5.6 ps the orresponding ondutane is alulatedusing the method desribed below.






iα,σ ĉjβ,σ, (2)where i and j run over the atomi sites, α and β de-note dierent atomi orbitals and Hiα,jβ,σ are the on-site (i = j) or hopping (i 6= j) elements, whih are spin-dependent (σ =↑, ↓) in the ase of ferromagneti metalslike Ni. Additionally, we need the overlap integrals Siα,jβof orbitals at dierent atomi positions.44 We obtain thequantities Hiα,jβ,σ and Siα,jβ from a parameterizationthat is designed to aurately reprodue the band stru-ture of bulk materials.45,46 The atomi basis is formed by










dE. (3)In this expression ĜrCC,σ is the retarded Green's funtion
4of the entral part of the ontat
ĜrCC,σ (E) =
[
EŜCC − ĤCC,σ − Σ̂rL,σ − Σ̂rR,σ
]−1
, (4)where σ stands for the spin omponent, ŜCC is the over-lap matrix of the enter, ĤCC,σ is the Hamiltonian and









,(5)with the unperturbed retarded eletrode Green's funtion
ĝrXX,σ and the overlap (hopping) matries from the enterto the eletrodes ŜCX (ĤCX,σ). The unperturbed ele-trode Green's funtions are assumed to be bulk Green'sfuntions in all our alulations. The harge on the atom














. (7)The shifts φi are determined suh that no atom deviatesfrom the harge neutrality by more than 0.02 eletronharges (|Ni − Natom| < 0.02, and Natom stands for theeletroni harge of the respetive harge-neutral metalatom). Note that there is one shift parameter per entralatom, also in the ase of ferromagneti metals.The low-temperature linear ondutane is then om-puted using a Green's funtion formalism (see Ref. 37 fordetails), nally resulting in the Landauer formula





T σn (EF ) (8)with the Fermi energy EF and the transmission T σn of the




Gσ, (9)whih has the form
G = G0T (EF ) = G0
∑
n
Tn (10)for the spin independent ase. As explained in the intro-dution, G0 = 2e2/h is the quantum of ondutane, and
T is the total transmission.
To investigate the inuene of a small bias voltage, wehave omputed for Ag and Pt the transmission T (E) inan energy interval of width 2∆ = 100 meV around theFermi energy.51 The averaged ondutane





T (E) dE, (11)an then be ompared to the ondutane G = G0T (EF )at the Fermi energy (f. Eq. (10)). This provides infor-mation on the nonlinearity of urrent-voltage harateris-tis, although the formulas we use are, stritly speaking,only valid for the zero-bias situation.C. Loal density of states alulationsTo gain some insight into the eletroni states relevantfor the transport through our nanowires, we shall alsoompute the loal density of states (LDOS) projetedonto partiular atoms. The omputation of the LDOSrequires the evaluation of the Green funtion of the en-tral part of the nanowire ĜCC,σ (f. Eq. (4)). From ĜCC,σwe onstrut the LDOS via a Löwdin transformation.52The LDOS for a partiular orbital α of atom i is thengiven by53LDOSiα,σ (E) = − 1
π
Im [Ŝ1/2CCĜrCC,σ (E) Ŝ1/2CC]
iα,iα
.(12)In the ase of the nonferromagneti metals (Ag and Pt)the LDOS will in the following be given only for one spinomponent, beause of the spin degeneray.III. SILVER ATOMIC CONTACTSWe start the analysis of our results with the disussionof the ondutane of Ag nanowires. Ag is, like Au, anoble metal with a single valene eletron. Dierent ex-periments have shown that the ondutane of Ag on-tats exhibits a tendeny towards quantized values in thelast stages of the wire formation.54,55,56 In fat, the mostdominant feature in the experimental low-temperatureondutane histogram is a pronouned peak at 1 G0.54,55A. Evolution of individual silver ontatsLet us rst desribe some typial examples of thebreaking of Ag nanowires. In Fig. 1 we show the for-mation of a single-atom ontat. Beside the strain forewe display the ondutane G, the averaged ondutane
〈G〉 (f. Eq. (11)), the MCS radius and the hannel trans-missions. As one an see, after an initial evolution upto an elongation of 0.2 nm (region with eight ondutionhannels), whih is similar for all the 50 Ag ontats stud-ied, the ondutane starts dereasing in a step-like man-ner whih hanges from realization to realization. The
5
Figure 1: (Color online) Formation of a single-atom ontatfor Ag (4.2 K, [001℄ diretion). The upper panel shows thestrain fore as a funtion of the elongation of the ontat. Inthe lower panel the ondutane G, the averaged ondutane
〈G〉, the MCS (minimum ross-setion) radius and the hanneltransmissions are displayed. Vertial lines separate regionswith dierent numbers of open hannels ranging from 8 to
1.57 Above and below these graphs snapshots of the strethingproess are shown.jumps in the ondutane usually our at plasti defor-mations of the ontat, i.e. when bonds break and sud-den atomi rearrangements take plae. Suh sudden re-arrangements are visible as a break-in of the strain fore.The elasti stages, in whih the atomi bonds are beingstrethed, are haraterized by a linear inrease of thestrain fore. In this ase the ondutane exhibits well-dened plateaus (see for instane the region with threehannels, whih ours for elongations between 0.7 nmand 0.83 nm). In the last stages of the breaking of theontat, displayed in Fig. 1, a stable single-atom ontatis formed. In this region the ondutane is mainly dom-inated by a single hannel, although a seond one is stillvisible (see two-hannel region or elongations between
0.86 nm and 0.95 nm). Subsequently, a dimer strutureis formed, whih survives for a short period of time, afterwhih the ontat nally breaks. In this region only asingle transmission hannel is observed.It is worth notiing that there is pratially no dif-ferene between the ondutane G and the averagedondutane 〈G〉 (f. Eq. (11)), demonstrating that the
Figure 2: (Color online) Formation of a dimer ongurationfor Ag (4.2 K, [001℄ diretion). The upper panel shows thestrain fore as a funtion of the elongation of the ontat. Inthe lower panel the ondutane G, the averaged ondutane
〈G〉, the MCS (minimum ross-setion) radius and the hanneltransmissions are displayed. Vertial lines separate regionswith dierent numbers of open hannels ranging from 8 to
1.57 Above and below these graphs snapshots of the strethingproess are shown.transmission as a funtion of the energy is rather ataround the Fermi energy (in the window −∆ ≤ E−EF ≤
∆). This an be seen expliitly in Fig. 3, whih we shalldisuss later in more detail. The at transmission T (E)is expeted for a noble metal like Ag beause its densityof states around EF is mainly dominated by the ontri-butions of the s and p bands, whih are rather broad andvary slowly with energy.Another example of a breaking urve for Ag is depitedin Fig. 2. In the beginning the ondutane evolves likefor the ontat disussed above (f. Fig. 1). This time astable dimer is nally formed. Prior to the formation ofthe dimer struture, whih sustains a single hannel (seeone-hannel region or elongations from 1.06 nm to 1.19nm), there also appears a single-atom ontat, where twohannels are still visible (see two-hannel region or elon-gations from 0.97 nm to 1.06 nm), in analogy to what hasbeen found for Au before.37 We observe for both on-gurations a single dominant transmission hannel anda ondutane of around 1 G0. This result is onsistent
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Figure 3: (Color online) Ag ontat of Fig. 2 at an elongationof 1.16 nm. The total transmission T is plotted as a funtionof the energy together with the ontributions from the dier-ent transmission hannels Tn. Additionally the LDOS (loaldensity of states) is given for an atom in the narrowest partof the ontat, where the dierent orbital ontributions havebeen itemized. Above the gure the narrowest part of the Agontat is displayed in a magnied fashion and the atom isindiated, for whih the LDOS is shown.with rst-priniples alulations, where it has been shownfor seleted ideal ontat geometries that the transmis-sion of Ag hains is around 1 G0 and the ondutane isarried by a single transmission hannel.58,59Due to the appearane of a stable dimer struture thereis now a long and at last plateau before rupture in Fig. 2.Our simulations show that this type of dimer is the mostommon struture in the last stages of the ontat for-mation.A ertain peuliarity an be observed, if one has aloser look at the region with six open hannels. Here,the ondutane rst drops abruptly and then it inreasesagain in the region with ve open hannels. Notie thatthis inrease is aompanied by a steady derease ofthe MCS. This type of reentrane of the ondutane,whih is often observed experimentally, annot be ex-plained in terms of semilassial arguments, whih arebased on Eq. (1). Aording to this formula the on-dutane should be a monotonous funtion of the MCS,whih, however, is not always the ase. Suh break-insof the ondutane have already been observed before insimpler TB alulations.27In order to explain the existene of a single hannel inthe nal stages of breaking, we have plotted in Fig. 3 theLDOS of an atom in the narrowest part of the juntion asa funtion of the energy together with the transmission.We have hosen a dimer onguration at an elongation of
1.16 nm, right before the rupture of the ontat displayedin Fig. 2. The transmission around the Fermi energy is
made up of a single hannel, exhibiting only a tiny vari-ation in the energy window −∆ ≤ E − EF ≤ ∆. In theLDOS there are two dominant ontributions, one om-ing from the s orbital, as expeted, and the other onefrom the pz orbital. Therefore, the transmission hannelis expeted to onsist mainly of these two ontributions,the other orbitals being of minor importane. As foundbefore,8,50 the s and pz orbitals are then forming a ra-dially isotropi transmission hannel along the transportdiretion. If we denote by lz the projetion of the angu-lar momentum onto the z axis (transport diretion), thishannel has the quantum number lz = 0.B. Statistial analysis of silver ontatsIn Fig. 4 our omputed MCS histogram as well asthe omputed ondutane histogram are displayed. Thehistograms are obtained by olleting the results of thestrething of 50 Ag ontats oriented along the [001℄ di-retion at 4.2 K, as desribed in Se. II. In the ase of theMCS histogram, the most remarkable feature is the ap-pearane of very pronouned peaks, whih indiate theexistene of partiularly stable ontat radii. For thepurpose of orrelating these peaks with the struture inthe ondutane histogram, we have marked the regionsaround the peaks in the MCS histogram with dierentpattern styles. In the ondutane histogram we indiatethe ounts for ondutanes belonging to a ertain MCSregion with the same pattern style, in order to establishthis orrelation between the geometri struture of theontats and the features in the ondutane histogram.With respet to the ondutane histogram, our mainresult is the appearane of a pronouned peak at 1 G0,in aordane with the experimental results.54,55,56 Thispeak mainly stems from the ontributions of ontatswith MCS radii in the rst (dimers) and seond (single-atom ontats) region of the MCS histogram. Therefore,we an onlude that the peak at 1 G0 is a onsequeneor manifestation of the formation of single-atom ontatsand dimers in the last stages of the breaking of the Agwires.It is also important to stress that the ontributionsto the ondutane histogram oming from dierent re-gions of the MCS histogram learly overlap. This meansin pratie that the MCS radius is not the only ingre-dient that determines the ondutane, as one wouldonlude from semilassial arguments (see Eq. (1)). Inother words, the peak struture in the MCS histogramis not simply translated into a peak struture in thelow-temperature ondutane histogram, as suggested inRef. 23.At this stage, a word of aution is pertinent. In breakjuntion experiments, ontats are opened and losed re-peatedly, and the breaking proesses starts with a on-dutane as large as 100 G0.17 Compared to this value,our simulations start with a very small ondutane ofaround 4 G0. Additionally, all the ontats are oriented
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Figure 4: (Color online) MCS (minimum ross-setion) his-togram (upper panel) and ondutane histogram (lowerpanel) for Ag (4.2 K, [001℄ diretion, 50 ontats). In the MCShistogram dierent regions of frequently ourring radii havebeen dened with dierent pattern styles. The patterns in theondutane histogram indiate the number of ounts for on-dutanes belonging to the orresponding region of the MCShistogram. For better referene in the text, some regions inthe MCS and ondutane histogram have additionally beenlabeled with numbers. In the inset of the lower panel theondutane histogram is displayed in the relevant region ina smoothed version by averaging over six nearest-neighborpoints.along the [001℄ diretion, whih an be expeted to havean inuene on the struture of the ondutane his-togram. Even for rather thik ontats it has been shownexperimentally that prefabriated wires ause a dierentpeak struture in the ondutane histograms.60The last three peaks of the MCS histogram (labeled 10,
11 and 12 in Fig. 4) are mainly dominated by the (arbi-trarily) seleted [001℄ starting-onguration. It is inter-esting to observe that the MCS region labeled with a 10has a large weight at ondutanes of somewhat above
2 G0, although it should be expeted to have ontribu-tions for large transmissions beause of its high MCS.The break-in of the ondutane in Fig. 2 at the tran-sition from the six- to ve-hannel region is an exampleshowing the origin of the large weight of this MCS regionat 2 G0. This observation illustrates that even ondu-tane regions down to 2 G0 are distorted due to the small
Figure 5: (Color online) Mean value of the transmission o-eient 〈Tn〉 as a funtion of the ondutane for Ag (4.2K, [001℄ diretion, 50 ontats). The error bars indiate themean error.61size of our ontats. While we an be sure about therst peak in the ondutane histogram at 1 G0, all thehigher peaks would require the study of bigger ontatswith even more atoms in the entral region.It is important to remark that out of 50 simulations wehave only observed the formation of three short hainswith 3, 4 and 5 atoms in eah ase. This is in strong on-trast to the ase of Au, where hains were enounteredmuh more frequently and with more hain atoms.37Short atomi Ag hains of up to three atoms have alsobeen observed in experiments.55,56Another important piee of information an be ob-tained from the analysis of the mean hannel transmis-sion (averaged over all ontats) as a funtion of theondutane, whih is shown in Fig. 5.61 Here, one ansee that the ondutane region below 1 G0 is largelydominated by a single hannel. Above 1 G0 a sharp on-set of the seond transmission hannel an be observed,the third hannel inreasing more ontinuously. At 2 G0again an onset of the fourth and fth hannel are visible.These results an be related to the experimental ob-servation on noble metals made by Ludoph et al.,54,62namely the priniple of the saturation of hannel trans-mission. This priniple says that there is a strong ten-deny for the hannels ontributing to the ondutaneof atomi-size Au ontats to be fully transmitting, withthe exeption of one, whih arries the remaining fra-tional ondutane.62 This tendeny of the hannels toopen one by one is evident for the rst hannel from Fig. 5and also experimentally the rst peak in the ondutanehistogram for Ag fullls this priniple best.54 Conern-ing the higher ondutanes the nite size of our ontatsplays an inreasingly restritive role, but we are well inline with the statement (made for Au, Ag and Cu) thatpartiularly the seond peaks in the histograms are alsodetermined by other statistial (probably atomi) prop-erties of the ontat.54
8 IV. PLATINUM ATOMIC CONTACTSNow, we turn to the analysis of Pt ontats. Pt isa transition metal with 10 valene eletrons in the par-tially oupied 5d and 6s orbitals. The experiments re-ported so far show that in the ase of Pt the last ondu-tane plateau lies typially above 1 G0. Consequently,the ondutane histogram is dominated by the preseneof a broad peak entered around 1.5 G0.55,63 Anotherremarkable feature of Pt ontats is the appearane ofmonoatomi hains (with up to six atoms), whih havea ondutane ranging from around 1.5 to 1.0 G0 as thelength inreases.64,65 Moreover, omplex osillations ofthe ondutane as a funtion of the number of hainatoms are superimposed on top of suh a deay. Theirorigin has been explained in terms of a nearly half-lled
s band and the additional ondution hannels providedby the almost full d bands.66A. Evolution of individual platinum ontatsIn Fig. 6 a typial example of the formation of a dimeronguration is shown. As before, beside the strain fore,we display the ondutane, the averaged ondutane,the MCS radius and the hannel transmissions. The ini-tial evolution is quite similar for all the 50 Pt ontatsanalyzed here. In this region, whih orresponds to elon-gations below 0.17 nm, we observe between 11 and 10open ondution hannels. After this region, and as inthe ase of Ag ontats, the ondutane evolves in a se-ries of jumps whih oinide with plasti deformations(see the positions of break-ins in the sawtooth shape ofthe strain fore). However, in ontrast to Ag, now we ndstrong ondutane utuations during the dierent elas-ti plateaus. The strething of the ontat of Fig. 6 endswith the formation of a dimer, whih sustains three openhannels and has a ondutane above 1 G0 (see regionwith elongations between 1.12 nm and 1.22 nm). Thisis again ontrary to the Ag juntions disussed above,where only a single dominant hannel is observed in thenal stages before rupture.On the other hand, the omparison between the on-dutane G and the averaged ondutane 〈G〉 showsertain deviations (see for instane the region with fourhannels). This fat indiates that for Pt there is a muhstronger variation of the transmission as a funtion ofthe energy around the Fermi energy, as ompared withAg. This is in agreement with the experimental nd-ing of nonlinear urrent-voltage harateristis for Pt asopposed to linear ones for a noble metal like Au.67The lear dierenes between the Pt and the Ag on-tats an be traed bak to the dierene in their ele-troni struture, as we now proeed to illustrate. Weshow in Fig. 7 the LDOS for an atom in the narrowestpart of the juntion as a funtion of the energy togetherwith the transmission. We have hosen a dimer ongu-ration at an elongation of 1.18 nm just before the rupture
Figure 6: (Color online) Formation of a dimer ongurationfor Pt (4.2 K, [001℄ diretion). The upper panel shows thestrain fore as a funtion of the elongation of the ontat. Inthe lower panel the ondutane G, the averaged ondutane
〈G〉, the MCS (minimum ross-setion) radius and the hanneltransmissions are displayed. Vertial lines separate regionswith dierent numbers of open hannels ranging from 11 to
3.57 Above and below these graphs snapshots of the strethingproess are shown.of the ontat of Fig. 6. Notie the presene of a muhmore pronouned struture in the transmission aroundthe Fermi energy as ompared to Fig. 3, whih an beattributed to the ontribution of d states. This fat nat-urally explains the deviation between the ondutane
G at EF and the averaged ondutane 〈G〉 (f. Fig. 6).At the same time, the partially oupied d orbitals arealso responsible for the larger number of open transmis-sion hannels (three in the dimer region of Fig. 6), as theyprovide additional paths for eletron transfer between thetwo eletrodes.From Fig. 7 it is evident that d states play a majorrole for the ondutane in Pt ontats. The strong u-tuations of the ondutane during the elasti stages ofstrething, as observed in Fig. 6, point out a high sen-sitivity of these d states to the atomi ongurations.These two phenomena, namely the pronouned strutureof the transmission around the Fermi energy and the sen-sitivity of d states to atomi ongurations are related.
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Figure 7: (Color online) Pt ontat of Fig. 6 at an elongationof 1.18 nm. The total transmission T is plotted as a funtionof the energy together with the ontributions from the dier-ent transmission hannels Tn. Additionally the LDOS (loaldensity of states) is given for an atom in the narrowest partof the ontat, where the dierent orbital ontributions havebeen itemized. Above the gure the narrowest part of the Ptontat is displayed in a magnied fashion and the atom isindiated, for whih the LDOS is shown.Indeed, a slight variation of EF for a xed ontat geom-etry has a similar eet on the ondutane as the mod-iation of eletroni level positions aused by a variableontat geometry but a xed Fermi energy. Ultimately,the sensitivity of d states to atomi ongurations an beattributed to the spatial anisotropy of the d orbitals asompared to the spatially isotropi s orbitals, whih areresponsible for the ondutane in Ag ontats.Now we proeed to disuss the formation of hains inPt ontats. In the last stages of our simulations we oftenobserve the formation of speial strutures, namely linearhains of several atoms. In Fig. 8 we show the evolutionof a Pt ontat, whih features a ve-atom hain beforerupture. As for the ontat disussed previously, sub-stantial utuations in the ondutane are visible evenduring the elasti stages, demonstrating again the sen-sitivity of d orbitals to atomi positions. The ondu-tane during the formation of the hain is mainly domi-nated by two hannels, but also a third one is ontribut-ing slightly. The rst two hannels an be of nearly thesame magnitude (see elongations above 1.1 nm). Afterthe dimer has formed, the transmission utuates around
1 G0. Compared with Ag, the ondutane an, however,also be higher than 1 G0 due to the presene of a seondand a third open hannel. The ondutane of the lastplateau is slightly below the typial experimental valueof 1.5 G0,55,68 a fat that we shall disuss below.During the formation of the hain (see three-hannelregion or elongations above 0.8 nm), the strain fore ex-
Figure 8: (Color online) Formation of a ve-atom hain forPt (4.2 K, [001℄ diretion). The upper panel shows the strainfore as a funtion of the elongation of the ontat. In thelower panel the ondutane G, the averaged ondutane
〈G〉, the MCS (minimum ross-setion) radius and the han-nel transmissions are displayed. Vertial lines separate regionswith dierent numbers of open hannels ranging from 11 to
3.57 Above and below these graphs snapshots of the strethingproess are shown.hibits a lear sawtooth behavior. The abrupt jumps inthe fore after the long elasti stages signal the inor-poration of a new atom into the hain. Suh inorpora-tions happen at elongations of 0.79 nm (dimer), 1.00 nm(three-atom hain), 1.05 nm (four-atom hain) and 1.27nm (ve-atom hain). Additional jumps at 0.83 nm, 1.11nm and 1.33 nm are due to bond breakings at the hainends. Note that the inorporation of a new atom intoan atomi hain does not always require long strethingdistanes of the order of the nearest-neighbor distane.Beause of metastabilities depending on the geometry ofthe juntion, they may atually be muh shorter, as anbe inferred from the transition from the three-atom hainto the four-atom hain.In order to explore hanges in the eletroni strutureand their inuene on the transmission for the evolutionfrom a dimer and to long atomi hain, we analyze thesetwo kinds of strutures now in more detail. In Fig. 9we plot the transmission and LDOS as a funtion of theenergy, onsidering as example the ontat of Fig. 8. As
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Figure 9: (Color online) Pt ontat of Fig. 8 at an elonga-tion of 0.95 nm, when the ontat is forming a dimer (a) andat an elongation of 1.44 nm, when the ontat is forming ave-atom hain (b). In eah ase the total transmission Tis plotted as a funtion of the energy together with the on-tributions from the dierent transmission hannels Tn. Ad-ditionally the LDOS (loal density of states) is given for anatom in the narrowest part of the ontat, where the dierentorbital ontributions have been itemized. Above eah gurethe narrowest part of the Pt ontat is displayed in a magni-ed fashion and the atom is indiated, for whih the LDOS isshown.an be seen in Fig. 9(a) for the ase of the dimer, themain ontributions to the LDOS at the Fermi energyome from the s, dyz, dzx and d3r2−z2 orbitals. Just likefor the dimer struture investigated above, the d orbitalsontribute signiantly to the LDOS (f. Fig. 7). Whilethe energy dependene of the transmission looks qual-itatively similar, the LDOS hanges dramatially whena long hain is formed (see Fig. 9(b)). We observe apinning of the s and d3r2−z2 states at the Fermi energy,
where the s state is lose to half lling orresponding toan eletroni 5d96s1 onguration of the Pt atom. (No-tie also the hange in sale for the LDOS when goingfrom Fig. 9(a) to Fig. 9(b).) Comparing the energy de-pendene of the transmission hannels and the LDOS inFig. 9(b), we an infer that the rst hannel is a lin-ear ombination of s, pz and d3r2−z2 orbitals (lz = 0),while the seond and third seem dominated by dyz and
dzx orbital ontributions (lz = ±1). These ndings areperfetly in line with Ref. 66.It is also noteworthy that when the d states have de-ayed 1 eV above the Fermi energy and the s ontributiondominates in the LDOS, only a single hannel is observedin the transmission for both the dimer and the hain on-guration (see Figs. 7 and 9). This would orrespondexatly to the situation desribed above for Ag wires,and demonstrates that the dierenes between these twometalli ontats (Ag and Pt) are mainly due to the dif-ferent positions of their Fermi energy.B. Statistial analysis of platinum ontatsPutting together all the results for the 50 Pt ontatssimulated in our study, we obtain the histograms for theMCS and ondutane shown in Fig. 10. The MCS his-togram exhibits a very pronouned peak at radii orre-sponding to dimer ontats and hains of atoms. Out of
50 breaking events we obtain 18 hains, 17 hains rangingfrom 5 to 11 atoms and one with up to 19 atoms. Thetendeny of Pt to form atomi hains is onsistent withexperiments,55,64 but the ratio of hain formation is obvi-ously higher than in the experiments. This ould partlybe due to the thinness of the ontats that we investigate.There exists experimental evidene for the formation ofhains with lengths up to six atoms,55 while longer hainsbeome more and more unlikely. Therefore, our hainswith more than eight atoms seem somewhat artiial.In the ondutane histogram the low-lying MCS peakfor dimers and atomi hains gives rise to a very broadpeak in the ondutane histogram. The position of thispeak is entered around 1 G0 rather than 1.5 G0, as in theexperiment.55,68 If we exlude the longest hains (hainswith more than eight atoms), we obtain a ondutanehistogram with a very broad peak at 1.15 G0 (f. inset inFig. 10).Experimentally it has been shown that the peak at
1.5 G0 shifts to 1.8 G0 for higher bias voltages.68 Thishas been attributed to a strutural transition, whereatomi hains are replaed by single-atom ontats.Thus, the ondutane of dimers and hains shouldbe around 1.5 G0 and the ondutane of single-atomontats around 1.8 G0. In Fig. 2 of Ref. 65 Smitet al. reported a derease of the average ondutanefrom 1.5 G0 to around 1 G0 for inreasing hain lengths.This demonstrates that our broad distribution of on-dutanes around 1 G0 in the ondutane histogram(f. Fig. 10) is not unreasonable, although the transmis-
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Figure 10: (Color online) MCS (minimum ross-setion)histogram (upper panel) and ondutane histogram (lowerpanel) for Pt (4.2 K, [001℄ diretion, 50 ontats). In the MCShistogram dierent regions of frequently ourring radii havebeen dened with dierent pattern styles. The patterns in theondutane histogram indiate the number of ounts for on-dutanes belonging to the orresponding region of the MCShistogram. In the inset of the lower panel the ondutanehistogram is displayed in the relevant region in a smoothedversion by averaging over six nearest-neighbor points for allontats (solid) and ontats with up to 8 atoms in the hain(dotted).sion for dimers and short hains seems to be underesti-mated. A reent DFT study investigated ideal Pt hainsonsisting of two to ve atoms in the [001℄ diretion.69Condutanes between 2 G0 and 1 G0 were obtained witha trend toward 1 G0 for longer hains in agreement withexperiment. The struture of the hains, whih in ourase is linear, was zigzag-like. This ould be another ex-planation for the lower transmissions in our study.70Although the peak position in the ondutane his-togram in Fig. 10 is lower than in the experiments, wewant to point out the strong qualitative dierenes inomparison to Ag. While the rst two MCS peaks in theAg histogram (f. Fig. 4) are restrited to ondutanevalues below 1 G0, this is not the ase for Pt. Here, therst two peaks over a range of ondutane values fromas low as 0.1 G0 up to 2 G0. This is again due to theontribution of the d orbitals at the Fermi energy, whihleads to a higher number of open hannels in the ase of
Figure 11: (Color online) Mean value of the transmission o-eient 〈Tn〉 as a funtion of the ondutane for Pt (4.2 K,[001℄ diretion, 50 ontats). The error bars indiate the meanerror.61Pt, as explained in Se. IVA. Let us reall that for Agthere is a single dominant transmission hannel (and asmall seond one), while for Pt there are usually threehannels in the last stages of breaking, and the seondhannel an be omparable in magnitude to the rst. Asexplained above, the extraordinary width of the rst peakin the ondutane histogram for Pt an be attributed tothe sensitivity of d states to the atomi onguration ofthe ontat.This qualitative dierene in the number of ondutionhannels is illustrated in Fig. 11, where we show the meanvalue of the transmission oeients as a funtion of theondutane.61 Notie that as ompared with the ase ofAg (f. Fig. 5), there are ontributions from the seondand third hannel already present for ondutanes below
1 G0. For ondutanes of 1.5 G0 there are four or vehannels on average.In onlusion, the dierent behavior of Ag and Pt on-tats stems from the dierent eletroni states present atthe Fermi energy. While for noble metals like Au and Agit is loated in the s band, its position is shifted down-wards into the d bands for Pt. Therefore, in the latterase there are in general more open hannels ontribut-ing to the ondutane. This onrms the statements ofSheer et al.7 that the number of transmission hannelsis determined by the hemial valene.V. ALUMINUM ATOMIC CONTACTSAl is an example of the so-alled sp-like metals. Inthe rystalline form there are three valene eletrons o-upying partly the 3s and 3p bands around the Fermienergy. In this respet, Al has a very dierent eletronistruture as ompared to Au, Ag or Pt, and in this se-tion we study how this eletroni struture is reetedin the ondutane through Al atomi wires. Due to thetehnial problems detailed below, this analysis will beonsiderably shorter than for the other metals.
12The experimental studies of the ondutane ofAl atomi-sized ontats have shown several peuliarfeatures.5,8,55,71,72 For instane, Sheer et al.5, makinguse of the superonduting urrent-voltage harater-istis to extrat the transmission oeients, showedthat usually three ondution hannels ontribute to thetransport, although the ondutane of the last plateauis typially below 1 G0. This was explained in Ref. 6 interms of the ontribution of the p orbitals to the trans-port. Exploiting ondutane utuations, the preseneof several ondution hannels for ondutanes above
0.5 G0 ould subsequently be onrmed by another inde-pendent experimental tehnique.54 As an additional pe-uliarity, Al is one of the few multivalent metals whih ex-hibits several pronouned peaks in the ondutane his-tograms at low temperatures.72 The rst peak appearsat around 0.8 G0 and the next ones at 1.9 G0, 3.2 G0and 4.5 G0. Furthermore, the ondutane plateaus in Alhave a positive slope upon strething,5,71 whih is quiteunique.Again we simulated 50 breaking events. Although wealways observe in the last stage of the nanoontats ei-ther a single-atom ontat (36 times), a dimer (13 times)and in one ase a four-atom hain, the single-atom on-tats and dimers are often very short-lived ongurationsand less stable than the orresponding Ag and Pt stru-tures. We attribute this to shortomings in the semiem-pirial potential employed for Al in this work. Previ-ously it has been shown that this potential annot repro-due adequately the mehanial properties of an inniteAl hain.73 This underestimation of the stability of thinwires is quite apparent in our simulations, where the on-tats break eetively at ondutanes well above 1.5 G0and with several atoms present in the MCS.This tehnial problem hindered the proper analysisof the statistial properties of Al ontats. However, weould reover a few sensible examples. One of the forma-tions of a relatively stable dimer is displayed in Fig. 12.A region of three transmitting hannels an be observedshortly before ontat rupture, and the ondutane ofthe dimer onguration is lose to 1 G0, whih agreesniely with the observations of Sheer et al.5 The ori-gin of these three hannels is, as explained in Ref. 6,the ontribution of the partly oupied sp-hybridized va-lene orbitals of Al to the transport. Before this region,a nie plateau around 2 G0 is visible. Both features agreewell with the peaks in the experimental ondutane his-togram for Al lose to 0.8 G0 and 1.9 G0.55,72 More impor-tantly, our results reprodue the peuliar positive slopesof the last plateaus of the strething urves, in ompli-ane with Refs. 5,8,34,71.VI. NICKEL ATOMIC CONTACTSDuring the last years a lot of attention has beendevoted to the analysis of ontats of magnetimaterials.74,75,76,77,78,79,80 (For a more omplete list of
Figure 12: (Color online) Formation of a dimer ongurationfor Al (4.2 K, [001℄ diretion). The upper panel shows thestrain fore as a funtion of the elongation of the ontat.In the lower panel the ondutane G, the MCS (minimumross-setion) radius and the hannel transmissions are dis-played. Vertial lines separate regions with dierent numbersof open hannels ranging from 17 to 3.57 Above and belowthese graphs snapshots of the strething proess are shown.referenes see Refs. 1,80.) In these nanowires the spindegeneray is lifted, whih an potentially lead to inter-esting spin-related phenomena in the transport proper-ties. For instane, dierent groups have reported the ob-servation of half-integer ondutane quantization eitherindued by a small magneti eld76 or even in the ab-sene of a eld.78,79 These observations are quite strikingsine suh quantization requires simultaneously the exis-tene of a fully spin-polarized urrent and perfetly openondution hannels.81 With our present understandingof the ondution in these metalli juntions, it is hardto believe that these riteria an be met, in partiular,in the ferromagneti transition metals (Ni, Co and Fe).As a matter of fat, in a more reent study by Untiedtet al.,80 arried out at low temperatures and under ryo-geni vauum onditions, the omplete absene of quan-tization in atomi ontats of Ni, Co and Fe has beenreported, even in the presene of a magneti eld as highas 5 T. Several reent model alulations support thesendings.82,83,84,85In this setion we address the issue of the ondutane




· 100%, (13)where Gσ is the ondutane of the spin omponent σ(f. Eq. (8)). Here, spin up (σ =↑) means majority spinsand spin down (σ =↓) minority spins. Notie that in thelast stages of the strething the ondutane is dominatedby a single hannel for the majority spins, while for theminority spin there are still up to four open hannels.In the nal stages (see regions with three or one openhannel(s) for G↑) the ondutane for the majority spinlies below 1.2e2/h, while for the minority spin it is lose to
2e2/h, adding up to a ondutane of around 1.2-1.6 G0.With respet to the evolution of the spin polarization ofthe urrent, in the beginning of the strething proess ittakes a value of around −40%, i.e. the ondutane of theminority-spin omponent outweighs that of the majority-spin omponent. This is expeted from the bulk densityof states of Ni. For this transition metal the Fermi levellies in the s band (lose to the edge of the d bands) for themajority spins and in the d bands for the minority spins.For this reason, there is a larger number of ondutionhannels for minority-spin omponent. This value of Pis indeed quite lose to the value of the spin polarizationof the bulk density of states at the Fermi energy, whihin our model is equal to −40.5%. As the ontat geome-try starts hanging, the spin polarization of the urrentbegins to utuate. It inreases even to values of above
0%, but keeps a tendeny towards negative values, untilit starts inreasing to over +80% in the tunneling regime,when the ontat is broken.Let us now try to gain further insight into these nd-ings. We show in Fig. 14 the transmission as a funtionof the energy together with the LDOS for an atom in thenarrowest part of the onstrition portrayed in the upperpart of the gure. It an be observed that the Fermi en-ergy, as in bulk, is loated just at the edge of the d statesfor the majority-spin omponent, while it is inside the dstates for the minority-spin omponent. The majority-spin omponent therefore exhibits a single transmissionhannel, behaving like a noble metal (f. results for Ag
Figure 13: (Color online) Formation of a dimer ongurationfor Ni (4.2 K, [001℄ diretion). The upper panel shows thestrain fore as a funtion of the elongation of the ontat. Inthe lower two panels the ondutane Gσ, the MCS (mini-mum ross-setion) radius and the hannel transmissions aredisplayed for the respetive spin omponent σ. Vertial linesseparate regions with dierent numbers of open hannels rang-ing from 7 to 1 and 18 to 4, respetively.57 An inset showsthe evolution of the spin polarization. Above and below thesegraphs snapshots of the strething proess are shown.in Se. III), while there are several open hannels for theminority-spin omponent like in the ase of a transitionmetal (f. results for Pt in Se. IV).Conerning the spin polarization of the urrent, thelarge density of states at EF for the minority-spin om-ponent usually gives rise to a higher number of openhannels for the minority-spin omponent than for themajority-spin omponent, whih in turn leads to a neg-ative spin polarization of the urrent. However, this ar-
14
Figure 14: (Color online) Ni ontat of Fig. 13 at an elonga-tion of 0.83 nm. The transmission is plotted as a funtion ofthe energy together with the ontributions from the dierenttransmission hannels T σn for the respetive spin omponent
σ. Additionally the LDOS (loal density of states) is givenfor eah spin omponent for an atom in the narrowest partof the ontat, where the dierent orbital ontributions havebeen itemized. Above the gure the narrowest part of the Niontat is displayed in a magnied fashion and the atom isindiated, for whih the LDOS is shown.gument is just qualitative, beause the atual transmis-sion of the hannels annot simply be predited from theLDOS. The ondutane depends also on the overlap ofthe relevant orbitals and on non-loal properties like thedisorder in the ontat region. As a ounter example,Fig. 13 shows that also intervals of positive spin polar-ization an be found, although the density of states of theminority-spin omponent is usually higher than for themajority-spin omponent. This is partiularly dramatiin the tunneling regime at the end of the breaking pro-ess, where for instane in Fig. 13 we see that a value of
P = +80% is reahed. Suh a reversal of the spin polar-ization is due to the fat that the ouplings between the
d orbitals of the two Ni tips derease muh faster with
distane than the orresponding s orbitals. As will bedisuss further below, the result is typially a redutionof the minority-spin ondutane and therefore a positivevalue of P .We would like to point out that the ontribution of theminority-spin omponent to the ondutane is very sen-sitive to hanges in the onguration. As is evident fromFig. 13, the minority spin shows stronger utuationsthan the majority spin as a funtion of the elongation.Again, this is a onsequene of the fat that the minority-spin ontribution is dominated by the d orbitals, whihare anisotropi and therefore more suseptible to disorderthan the s states responsible for the ondutane of themajority spins. The sensitivity to atomi ongurationsis in agreement with the ndings for Ag and Pt as dis-ussed above, where stronger utuations of the ondu-tane are seen for the transition metal Pt, as omparedwith the noble metal Ag.B. Statistial analysis of nikel ontatsFor the Ni ontats we did not observe the formationof any hain in the 50 simulated strething proesses.As a onsequene, only a small rst peak is visible inthe MCS histogram (see Fig. 15). This peak originatesfrom the dimer ongurations, whih usually form beforethe ontats break. In the ondutane histogram thereis a shoulder at around 1.3 G0. Part of this rst peakis buried under the subsequent ondutane peak withits maximum at 2.5 G0. This seond very broad peakis mainly inuened by the starting onguration, whihmeans that the small size of our ontats might hide partof the peak struture in the ondutane histogram. A-ording to the MCS regions ontributing to the shoul-der in the Ni ondutane histogram, the rst peak ismainly omposed of thik ontats (MCS of around 2 Å).This also explains the large broadening of the histogrampeak, sine for thik ontats, there is more ongura-tional variability.Conerning the omparison with measurements, theshoulder at 1.3 G0 in our results is in agreement with theexperimental ondutane histogram, where a partiu-larly broad peak between 1.1 G0 and 1.6 G0 is observed.80Our alulations indiate that this peak ontains ontri-butions from high-MCS regions. The remarkable widthof the rst peak in the experimental ondutane his-togram is then explained by the ongurational variabil-ity of thik ontats in onjuntion with the ontributionof ongurationally sensitive d states to the ondutaneof the minority-spin omponent. However, this interpre-tation requires further disussion. Usually the rst peakin the experimental ondutane histograms is believedto arise from single-atom ontats and dimers.7 With re-spet to the problems enountered for Al (f. Se. V), itmay be that the employed EMT potential for Ni under-estimates the stability of single-atom and dimer ongu-rations in a similar manner. As a onsequene the ontri-
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Figure 15: (Color online) MCS (minimum ross-setion)histogram (upper panel) and ondutane histogram (lowerpanel) for Ni (4.2 K, [001℄ diretion, 50 ontats). In the MCShistogram dierent regions of frequently ourring radii havebeen dened with dierent pattern styles. The patterns in theondutane histogram indiate the number of ounts for on-dutanes belonging to the orresponding region of the MCShistogram. In the inset of the lower panel the ondutanehistogram is displayed in the relevant region in a smoothedversion by averaging over six nearest-neighbor points.bution of suh ongurations to the rst peak in the on-dutane histogram may be underestimated in our alu-lations. In addition, as mentioned above, this rst peakin the ondutane histogram is not well separated fromontributions with a high MCS, whih are inuened byour starting onguration. Simulations of thiker on-tats and more sophistiated alulations of the ontatgeometry may be needed to larify the robustness of ourndings.Regarding to the mean hannel transmission of thespin-omponents as a funtion of the ondutane,61the minority-spin omponent exhibits more transmissionhannels than the majority-spin omponent (see Fig. 16).This further illustrates our previous argument, where weexplained that the majority-spin omponent possesses anAg-like harater, while the minority-spin omponent be-haves more Pt-like. Note also that the rst hannel forthe majority-spin omponent opens up remarkably slowlyompared with Ag (f. Fig. 5).Now we want to address the question of how the spin
Figure 16: (Color online) Mean value of the transmission oef-ient 〈T σn 〉 for the respetive spin omponent σ as a funtionof the ondutane for Ni (4.2 K, [001℄ diretion, 50 ontats).The error bars indiate the mean error.61
Figure 17: Spin polarization of the urrent as a funtion ofthe ondutane. All the data points for the spin polarizationare plotted in the graph, while in the inset their arithmetimean and the orresponding mean error are displayed.86polarization of the urrent is inuened by ongura-tional hanges. For this purpose, we show in Fig. 17the spin polarization P as a funtion of the ondutanefor all the 50 simulated breaking events. As it ould al-ready be observed in the simulation of a single breakingevent (f. Fig. 13), the spin polarization of all the ontatsstarts at a value of −40%, when the ontat is lose toits starting onguration. As explained above, this valuefor the spin polarization of the urrent oinides rather
16well with the polarization of the bulk density of statesat the Fermi energy. As the ontat is strethed, alsothe diversity of geometrial ongurations inreases andthe spin polarization values are widely spread, rangingfrom around −60% to 20%. There is a tendeny towardsnegative spin polarizations, as an be observed in theinset of Fig. 17. The average spin polarization varies be-tween −30% and −10% for ondutanes above 0.6 G0.As desribed in the previous subsetion, these variationsarise from the high sensitivity of the minority-spin on-dutane to atomi positions, as ompared to the lesssensitive majority-spin ondutane. The trend towardsnegative P values an be explained by the higher numberof states present at the Fermi energy for the minority-spinomponent as opposed to the majority-spin omponent.In the region of ondutanes below 0.6 G0 the num-ber of points is omparatively lower, whih explains thepartly bigger error bars. Nevertheless, the number of re-alizations is still enough to see the spreading of P valuesover an even wider interval than in the ontat regime, to-gether with an average tendeny towards positive values.We attribute this trend of reversed spin polarizations tothe faster radial deay of the hoppings between the dorbitals that dominate the minority-spin ontribution tothe ondutane, as ompared with the s orbitals thatdominate majority-spin ontribution. The faster deaywith distane overomes in the tunneling regime the ef-fet of the higher density of states of the d bands versusthe s bands.VII. MECHANICAL PROPERTIES OFMETALLIC ATOMIC CONTACTSExperimentally it is possible to measure simultane-ously the ondutane and the strain fore during thebreaking of nanowires.12 Speial attention has been de-voted to the fore in the very last stage of the strethingproess.42 For this reason, we present in this setion adetailed analysis of this breaking fore for the dierentmetals disussed above, inluding the results for Au ofRef. 37. In addition, the exoti atomi hain strutureswill be investigated further.Using the 50 ontats that we have simulated for thedierent metals, we onstrut histograms of the break-ing fore in the following way: We onsider the last 30reorded atomi ongurations before the point of rup-ture of the ontat. Out of them the 20 highest valuesof the strain fore are assembled in a fore histogram,ombining the data from all 50 ontats.87 The break-ing fore histograms obtained for the dierent metals areshown in Fig. 18. For all elements, exept for Ni, a learmaximum is visible in the enter of a broad distributionof fore values. We will address later, why Ni forms anexeption in our simulations.It is eluidating to ompare the values of the breakingfore obtained in the simulations with the orrespondingfores in bulk. For this purpose, we use the universal
Figure 18: Histogram of the fore needed to break atomiontats of the metals Ag, Au, Pt and Ni. For every ontatthe highest 20 fore values of the last 30 reorded geometriesbefore the point of rupture are gathered. The fore data for
50 ontats of the respetive metal are assembled in the re-spetive histograms.metal Ag Au Pt NiEMT 0.40-0.75 0.55-1.00 0.80-1.45 1.00-2.15bulk 0.57 0.85 1.31 0.89Table I: Breaking fores in nN for the metals Ag, Au, Pt andNi. The values in the olumn alled EMT (eetive mediumtheory) are read o from the fore histograms in Fig. 18 andbulk refers to Eq. (A3).binding energy funtion, suggested in Ref. 88, to get arough estimate for the breaking fore expeted for a bulkbond (see Appendix A for details).Values for the breaking fores are put together inTab. I. The expression for the breaking fore in Eq. (A3)needs to be onsidered as a rough estimate of the foreneeded to break a bulk-like bond. Conerning a om-parison of this bulk estimate and the EMT results, itneeds to be realled that the EMT employed in theMD simulations onsiders by onstrution the experi-mentally veried inrease of atomi bonding energies forlow oordination.39 Breaking fores for low-oordinatedhains have been shown to be two to three times largerthan bulk-like bonds and bond breaking may take plaeat distanes well before the inetion point of the bulkestimate (f. Appendix A).41 Another dierene is thatthe fores listed under bulk are estimates for break-ing fores of a single bond. This is not neessarily thease for the result alled EMT. The EMT results arebased on the strething of the nanoontats in our MDsimulations. If the ontat breaks while more than oneatom resides in the MCS, several atomi bonds might beontributing to the breaking fore of the ontats. Thisimplies that the resulting fore ould be higher than thebreaking fore for a single bond.For elements with a large peak in the MCS histogramat single-atom radii, like for the elements Au and Pt,
17whih form hains, usually the ontats break after theformation of a dimer or atomi hain. As a onsequene,for Ag, Au and Pt single atomi bonds are probed in theEMT results. For all these elements, the fore estimatedfrom bulk onsiderations agrees surprisingly well with theEMT results. For Ni however, there is a disrepany be-tween the breaking fore determined with EMT and thebulk predition. We attribute this to the fat that itsMCS histogram does not display a pronouned peak fordimer strutures (f. Fig. 15), indiating that Ni dimersare less stable than dimers of the other investigated met-als (Ag, Au and Pt). On aount of this the breakingfore typially ontains ontributions from more than asingle atomi bond, and is therefore higher than the foreof the bulk estimate. The ontributions of several bondsalso explain the broad distribution without a lear max-imum for Ni in Fig. 18.The absolute values of our breaking fores in Tab. Ineed not be quantitative, as the investigations of Rubio-Bollinger et al.42 show. While our EMT-breaking forefor Au oinides well with their value of around 1 nN,they found that DFT alulations are in better agreementwith the experimentally measured breaking fore of 1.5nN.Coiniding with the DFT-simulations by Bahn et al.41the ordering of breaking fore strengths for the dierentmetals as predited by the bulk estimate is FAg < FAu <
FNi < FPt, where Fx is the breaking fore for the materialx. The EMT results modify this ordering slightly byinterhanging Pt and Ni.Before we onlude, we want to investigate the ap-pearane and strutural properties of the peuliar atomihain strutures in more detail. The general mehanismbehind the hain formation during a strething proessis an inrease in bond strength between low-oordinatedatoms.37,41,42,89 Independent of the metal under inves-tigation, we observed that ontats in whih an atomihain has formed always break beause of a bond ruptureat the hain ends. The higher bond strength for low-oordinated atoms explains this phenomenon. Namely,the terminal atoms in the hain are onneted with thethiker part of the ontat, and possesses a higher oor-dination number than the other hain atoms. As a on-sequene the bonds at the hain ends are weaker thanthe bonds in the interior of the hain.89We want to illustrate the mehanial properties of anatomi hain onsidering as example the Pt ontat ofFig. 8. In Fig. 19 we plot the atomi displaements forthis Pt ontat projeted onto the strething diretion (zaxis) in the nal elasti stage for elongations of Li = 1.37nm and Lf = 1.49 nm. The z-projeted displaement isdened as dz,j = Rz,j(Lf ) − Rz,j(Li), where Rz,j is the
z-omponent of atom j, and Lf (Li) is the nal (initial)elongation. (Additionally we add an oset to dz,j , suhthat the fourth layer in the lower eletrode has zero dis-plaement.) Due to the low oordination of the hainatoms and the assoiated higher bond strength as om-pared to interatomi bonds of the other atoms in the en-
Figure 19: (Color online) The atomi displaements for thePt ontat of Fig. 8 are shown in the last elasti stage be-fore rupture (hange in oordinates between initial and nalelongations of Li = 1.37 nm and Lf = 1.49 nm). On theabsissa the displaement of eah atom is plotted, while onthe ordinate the positions of the atoms an be seen at theend of the elasti stage (elongation Lf ). To the right the nalonguration is displayed. The atomi displaements and po-sitions have both been projeted onto the strething diretion(z axis).
tral part of the nanowire, the hain is expeted to be par-tiularly stable. For this reason the hain atoms shouldstay lose to eah other in a displaement plot duringan elasti stage of strething. Instead, most of the dis-plaement should take plae in the regions of more highlyoordinated atoms in the entral part of the nanowire.Exatly this is visible in Fig. 19. Note that a similaranalysis has been performed by Rubio-Bollinger et al.42for a Au hain.Finally, we want to omment on experimental resultsof Ref. 64. There, Smit et al. ompare the tendeny offormation of atomi hains for the neighboring 4d and
5d elements, namely Rh, Pd and Ag ompared to Ir, Ptand Au. They nd a higher ourrene of hains forthe 5d elements as ompared to 4d elements, and ex-plain this by a ompetition between s and d bonding.From their data90 we extrat an enhanement fator ofhain formation of 3.28 for Au ompared to Ag. Takingthe ratio between the ontent of the rst MCS peak inthe histograms, whih orresponds to dimers and atomihains, for Ag and Au normalized by the omplete areaof the MCS histograms (f. Fig. 4 and Fig. 9 of Ref. 37),we obtain a value of 3.09, in good agreement with theirexperiments. Bahn et al.41 pointed out that the hainformation depends sensitively on the initial atomi on-guration. In general we believe that hain formation inour thin geometries might be enhaned ompared to ex-perimental onditions. Nevertheless the hain enhane-ment fator, as it is a relative measure, might be robust.
18 VIII. CONCLUSIONSIn summary, we have analyzed the mehanial andeletrial properties of Ag, Pt and Ni nanojuntions. Us-ing a ombination of lassial MD simulations and trans-port alulations based on a TB model supplementedwith a loal harge neutrality ondition, we have stud-ied the origin of the experimentally observed harateris-ti features in the ondutane histograms of these met-als. The ensemble of our results indiates that the peakstruture of the low-temperature ondutane histogramsoriginates from an artful interplay between the mehani-al properties and the eletroni struture of the atomi-sized ontats.We have found strong qualitative dierenes betweenthese metals. In the ase of Ag wires, we observe arst peak at 1 G0 in the ondutane histogram, resultingfrom single-atom ontats and dimers in good agreementwith experiments.55 In the last stages of the strethingproess the transport is dominated by a single ondu-tion hannel, whih arises mainly from the ontributionof the 5s orbitals. We nd pratially no formation ofmonoatomi hains, as opposed to Au wires.37 To be pre-ise, the hain formation is found to be suppressed by afator of three ompared to Au, whih is again onsistentwith the experimental observations.64In the ase of Pt ontats, the rst peak in the on-dutane histogram is mainly due to single-atom ontatsand long atomi hains. However, it also ontains someontributions from ontats with larger MCS radii. Thispeak is rather broad and entered around 1.15 G0, whihis somewhat below the experimental value of 1.5 G0.55,63The dierenes in width and value of this ondutanepeak, as ompared with Ag, an be attributed to the keyontribution of the 5d orbitals to the transport. First, the
d orbitals provide additional ondution hannels. Com-monly there are three open transmission hannels in thenal stages of the Pt ontats. Seond, these additionalhannels naturally give rise to higher ondutane values.Third, aused by their spatial anisotropy the d orbitalsare muh more sensitive to hanges in the ontat ge-ometry, whih results in a larger width of the histogramfeatures.With respet to Al the statistial analysis of the on-tats was hindered due to shortomings in the employedEMT potential. However, for a sensible example a re-gion of three transmitting hannels is observed shortlybefore ontat rupture, and the ondutane of the dimeronguration is lose to 1 G0, whih agrees niely withexperimental observations.5 These three hannels orig-inate from the ontribution of the partly oupied sp-hybridized valene orbitals of Al to the transport. In ad-dition, our results reprodue the peuliar positive slopesof the last plateaus of the strething urves.5,6,34,71In the ase of ferromagneti Ni, we have shown that theontats behave as a mixture of a noble metal (like Ag)and a transition metal (like Pt). While the 4s orbitalsplay the main role for the transport of the majority-spin
eletrons, the ondution of the minority-spin eletronsis ontrolled by the partially oupied 3d orbitals. Thisfollows from the position of the Fermi energy, whih liesin the s band for the majority spins and in the d bandsfor the minority spins. In the ondutane histogramwe obtain a shoulder at 1.3 G0, whose large width anagain be attributed to the extreme sensitivity of the dorbitals to atomi ongurations. On the other hand, wend that the spin polarization of the urrent in the Niontats is generally negative, inreasing and utuatingas the ontats narrow down and beome disordered. Inpartiular, large positive values are possible in the tun-neling regime, right after the rupture of the wires. Onemore, this behavior an be traed bak to the fat thatthe d orbitals play a key role in the ondutane of theminority-spin omponent.The mehanial properties of our nanoontats havebeen analyzed in detail with respet to breaking foresand the peuliar atomi hains. Conerning the break-ing fores a simple estimate for the maximal fore perbulk bond mathes well the simulation results for Ag andPt. However, Ni shows deviations from the bulk estimateand an extraordinarily broad distribution of breakingfore values, whih we attribute to the generally largerthikness of the ontats at the breaking point, meaningthat the breaking fore ontains ontributions of severalatomi bonds. Contats with an atomi hain ongura-tion were observed to always tear apart due to a bondrupture at the hain ends in agreement with previoussimulations.89 Pt atomi hains were illustrated to ex-hibit an enhaned stability as ompared to the remainingatoms in thiker parts of the nanowire.Another important observation is that, although weobtain for every metal a sequene of peaks in theMCS (minimum ross-setion) histogram, these peaks aresmeared out in the ondutane histograms. This indi-ates that not only the narrowest part of the onstritiondetermines the ondutane, but also the atomi on-guration lose to the narrowest part plays a role. Thisnding hallenges the diret translation of peak positionsin the ondutane histogram into ontat radii via theSharvin formula. However, we should also point out thelimitations of our modeling, in partiular the small num-ber of atoms present in the juntions. Moreover, let usremind that we have foused our analysis on low tem-peratures (4.2 K), where the atoms do not have enoughkineti energy to explore the low-energy ongurations.Both the small number of atoms and the low temperaturemay ause an enhaned atomi disorder of the ontatsin the strething proess.The eets of higher temperatures, dierent rystal-lographi orientations of the ontats, other protoolsof the strething proess with dierent annealing, heat-ing and relaxation times have not been addressed in thisstudy. A rst-priniples desription of thik ontats, inwhih both the mehanis and the eletroni struture ofthe ontats are treated at a higher level of auray andon an equal footing, should be a major goal for the theory
19in the future. Experiments in whih, simultaneously tothe reording of a ondutane histogram, also the on-tat geometries are observed, ould help to validate theorrelation between ondu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e needed to break a bulk-like bond in a f lattie(f. Eq. (A3)). The reasoning follows Ref. 42 (see remark[25℄ of that Ref.), where however no derivation is given.The total energy of a rystal an approximately bewritten as EN (r) = NE(r), where N is the number ofatoms in the volume V of the onsidered rystal, E(r) =
EohE∗(r∗) is the energy of a single atom as a funtion ofthe Wigner-Seitz radius, Eoh is the equilibrium ohesiveenergy (or enthalpy of formation) and E∗(r∗) is the uni-versal energy funtion E∗(r∗) = − (1 + r∗) exp (−r∗).88The Wigner-Seitz radius r is dened as r = (3/4πnA)1/3
with the atom density nA. Beause nA = N/V = 4/a3 ina f rystal, r is onneted with the f-lattie onstant avia r = (3/16π)1/3 a. Additionally, r∗ = (r − r0) /ℓ is thesaled Wigner-Seitz radius and r0 the equilibrium valueof r. The length sale ℓ is related to the bulk modulus


























. (A3)In order to obtain numerial values from Eq. (A3), weemploy the data listed in Ref. 91 for the three onstants
Eoh, B and a0.
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f. Eq. (4)), whilefor transport the broadening is hosen to be η = 10−8 Ry =
1.36 · 10−7 eV.54 B. Ludoph, J.M. van Ruitenbeek, Phys. Rev. B 61, 2273
21(2000).55 A.I. Yanson, Ph.D. thesis, Universiteit Leiden, TheNetherlands, 2001.56 V. Rodrigues, J. Bettini, A.R. Roha, L.G.C. Rego,D. Ugarte, Phys. Rev. B 65, 153402 (2002).57 For the division of a ondutane trae into regions withdierent numbers of open ondutane hannels we use ariterion of T σn < 0.01 to onsider the nth hannel to belosed. This division is only approximate: Due to utu-ations in the geometry, a hannel transmission may falltemporarily below 0.01 but reenter later on. In other ases(espeially Pt, Al and Ni) many hannels are present and,in order not to overload our pitures, we need to ombineseveral hannel-losing events into one.58 J.L. Mozos, P. Ordejón, M. Brandbyge, J. Taylor, K. Stok-bro, Nanotehnology 13, 346 (2002).59 Y.J. Lee, M. Brandbyge, M.J. Puska, J. Taylor, K. Stok-bro, R.M. Nieminen, Phys. Rev. B 69, 125409 (2004).60 I.K. Yanson, O.I. Shklyarevskii, Sz. Csonka, H. van Kem-pen, S. Speller, A.I. Yanson, J.M. van Ruitenbeek, Phys.Rev. Lett. 95, 256806 (2005).61 The mean hannel transmission 〈T σn 〉 as a funtion of theondutane is determined as follows: For all simulatedontats of a ertain metal we onsider the breaking urveof the ondutane and all the hannel transmissions T σn .(For the nonferromagneti ontats we suppress the spinindex σ in this artile.) Next we onentrate on a xedondutane G = G↑ +G↓ (within a bin-width of 0.04 G0).We obtain the mean hannel transmission 〈T σn 〉 of the
nth hannel as the mean value over all the orrespondingindividual hannel transmissions T σn,j for this xed on-dutane (〈T σn 〉 = ∑Nj=1 T σn,j/N , where N is the num-ber of values present in the average). The error of themean hannel transmission (as given in Figs. 5, 11 and16) is omputed as the mean error of the arithmeti mean
χ = 0.8σ̃/
√
N and σ̃ = √∑j (T σn,j − 〈T σn 〉)2 /N (N − 1) isthe mean quadrati error of the values T σn,j .94 (The aver-age 〈Tn〉 should not to be onfused with the average overenergies employed to determine 〈G〉 (f. Eq. (11)).)62 B. Ludoph, M.H. Devoret, D. Esteve, C. Urbina, J.M. vanRuitenbeek, Phys. Rev. Lett. 82, 1530 (1999).63 R.H.M. Smit, Y. Noat, C. Untiedt, N.D. Lang, M.C. vanHemert, J.M. van Ruitenbeek , Nature 419, 906 (2002).64 R.H.M. Smit, C. Untiedt, A.I. Yanson, J.M. van Ruiten-beek, Phys. Rev. Lett. 87, 266102 (2001).65 R.H.M. Smit, C. Untiedt, G. Rubio-Bollinger, R.C. Segers,J.M. van Ruitenbeek, Phys. Rev. Lett. 91, 076805 (2003).66 L. de la Vega, A. Martín-Rodero, A.L. Yeyati, A. Saúl,Phys. Rev. B 70, 113107 (2004).67 S.K. Nielsen, M. Brandbyge, K. Hansen, K. Stokbro,J.M. van Ruitenbeek, F. Besenbaher, Phys. Rev. Lett. 89,066804 (2002).68 S.K. Nielsen, Y. Noat, M. Brandbyge, R.H.M. Smit,K. Hansen, L.Y. Chen, A.I. Yanson, F. Besenbaher,J.M. van Ruitenbeek, Phys. Rev. B 67, 245411 (2003).69 V.M. Garía-Suárez, A.R. Roha, S.W. Bailey, C.J. Lam-bert, S. Sanvito, J. Ferrer, Phys. Rev. Lett. 95, 256804(2005).70 Further investigations are needed to nd out, why thetransmission of dimers and short hains is rather 1G0 than
1.5 G0. Possible reasons ould lie in the strutural proper-ties, like for example the high disorder of our thin ontatsor linear instead of zigzag hains. The approximation of
surfae Green's funtions by bulk Green's funtions in theeletrodes has been heked to have little inuene on thetransmission when hains have formed. Potentially the lowtransmission for dimers and short hains ould also indi-ate limitations for the use of the Pt TB parameters inondutane alulations.71 J.M. Krans, C.J. Muller, I.K. Yanson, Th.C.M. Govaert,R. Hesper, J.M. van Ruitenbeek, Phys. Rev. B 48, 14721(1993).72 A. I. Yanson, J.M. van Ruitenbeek, Phys. Rev. Lett. 79,2157 (1997).73 T. Kitamura, Y. Umeno, ModellingSimul. Mater. Si. Eng. 11, 127 (2003).74 J.L. Costa-Krämer, Phys. Rev. B 55, R4875, (1997).75 F. Ott, S. Barberan, J.G. Lunney, J.M.D. Coey, P. Berthet,A.M. de Leon-Guevara, A. Revolevshi, Phys. Rev. B 58,4656 (1998).76 T. Ono, Y. Ooka, H. Miyajima, Y. Otani,Appl. Phys. Lett. 75, 1622 (1999).77 M. Viret, S. Berger, M. Gaburea, F. Ott, D. Olligs,I. Petej, J.F. Gregg, C. Fermon, G. Franinet, G. LeGo,Phys. Rev. B 66, 220401(R) (2002).78 F. Elhoussine, S. Máté-Tempi, A. Eninas, L. Piraux,Appl. Phys. Lett. 81, 1681 (2002).79 V. Rodrigues, J. Bettini, P.C. Silva, D. Ugarte,Phys. Rev. Lett. 91, 096801 (2003).80 C. Untiedt, D.M.T. Dekker, D. Djuki, J.M. van Ruiten-beek, Phys. Rev. B 69, 081401(R) (2004).81 More generally, the half-integer ondutane quantiza-tion ould also arise from a perfetly polarized urrent,where the hannel transmissions of the transmitted spin-omponent add up to one.82 A. Martín-Rodero, A. Levy Yeyati, J.C. Cuevas, PhysiaC 352, 67 (2001).83 A. Delin, E. Tosatti, Phys. Rev. B 68, 144434 (2003).84 A. Bagrets, N. Papanikolaou, I. Mertig, Phys. Rev. B 70,064410 (2004).85 D. Jaob, J. Fernández-Rossier, J.J. Palaios, Phys. Rev. B71, 220403(R) (2005).86 Note that bins (where a of bin-width of 0.04 G0 has beenused) ontaining only a single data point are not displayedin the inset of Fig. (17). The reason is that the alulationof the mean error of the arithmeti mean requires at leasttwo data points.6187 The hoie of the 20 highest fore values out of the last 30reorded geometries before the point of rupture for eah ofthe 50 simulated ontats an be justied as follows: To ob-tain enough statistis on the breaking fore, and beause ofthe evident utuations in the strain fore (f. Fig (2), forexample) several geometries after breaking of a wire needto be onsidered in the breaking fore histogram. This iswhy we take into aount 30 reorded geometries beforethe point of rupture. However, the very tiny strain foresdiretly after and at the point of rupture (whih is signaledby a negligible MCS of less than 0.3Å) will produe arti-ial peaks at small fore values. For this reason we seletthe 20 highest strain fores from the set of the 30 strainfore values. This is done for eah of the 50 simulated on-tats, and the data is omplied in the histogram of thebreaking fore.88 M.M. Sigalas, J.H. Rose, D.A. Papaonstantopoulos,H.B. Shore, Phys. Rev. B 58, 13438 (1998); J.H. Rose,J.R. Smith, J. Ferrante, Phys. Rev. B 28, 1835 (1983).89 S.R. Bahn, Ph.D. thesis, Tehnial University of Denmark,
22Lyngby, 2001.90 In Fig. 4 of Ref. 64 a fration of long plateaus is givenfor Au and Ag respetively. Taking the ratio between the
P1.5-values for Au and Ag, an enhanement of hains bya fator of P1.5(Au)/P1.5(Ag) ≈ 0.59/0.18 = 3.28 is foundfor Au ompared to Ag.91 Ch. Kittel, Introdution to solid state physis <dt.>, Old-enbourg 1999.92 R. Zeller, J. Deutz, P.H. Dederihs, Solid State Comm. 44,
993 (1982).93 W.H. Press, B.P. Flannery, S.A. Teukolsky, NumerialReipes in FORTRAN 77 and FORTRAN 90: The Art ofSienti and Parallel Computing, Cambridge UniversityPress, 1996.94 I.N. Bronstein, K.A. Semendjajew, G. Musiol, H. Mühling,Tashenbuh der Mathematik, Verlag Harri Deutsh 1997.
